Holographic gratings formed in thick phenanthrenquinone-(PQ-) doped poly(methyl methacrylate) (PMMA) can be made to have narrowband spectral and spatial transmittance filtering properties. We present the design and performance of angle-multiplexed holographic filters formed in PQ-PMMA at 488 nm and reconstructed with a LED operated at ϳ630 nm. The dark delay time between exposure and the preillumination exposure of the polymer prior to exposure of the holographic area are varied to optimize the diffraction efficiency of multiplexed holographic filters. The resultant holographic filters can enhance the performance of four-dimensional spatial-spectral imaging systems. Spectral-spatial volume holographic imaging systems [1,2] require highly selective filters to discriminate wavefronts originating from different depths within a 3D object. The filter should also operate at longer wavelengths allowing greater imaging depths within tissue samples. The holographic filters formed in the volume recording material are phase gratings and offer high angular-spectral selectivity and the ability to multiplex multiple gratings in the same area [3] . In this Letter we describe the design of holographic transmission filters formed in the phenanthrenquinone-doped poly(methyl methacrylate) (PQ-PMMA) material. Experimental results demonstrate the performance of the volume holographic filters in a spectral-spatial imaging system to reconstruct images of 3D objects. The holographic recording material is formed by using solutions of methyl methacrylate (MMA), 2,2-azobis(2-methlpropionitrile) (AIBN), and phenanthrenquinone (PQ) that are mixed in a respective weight ratio of 100:0.5:0.7. PQ-doped PMMA is an attractive material for making holographic Bragg filters, since the material can be formed with minimal shrinkage and refractive index change after processing [4] . In addition, the PQ-PMMA holographic filters provide high spectral and angular Bragg selectivity.
Spectral-spatial volume holographic imaging systems [1, 2] require highly selective filters to discriminate wavefronts originating from different depths within a 3D object. The filter should also operate at longer wavelengths allowing greater imaging depths within tissue samples. The holographic filters formed in the volume recording material are phase gratings and offer high angular-spectral selectivity and the ability to multiplex multiple gratings in the same area [3] . In this Letter we describe the design of holographic transmission filters formed in the phenanthrenquinone-doped poly(methyl methacrylate) (PQ-PMMA) material. Experimental results demonstrate the performance of the volume holographic filters in a spectral-spatial imaging system to reconstruct images of 3D objects.
The holographic recording material is formed by using solutions of methyl methacrylate (MMA), 2,2-azobis(2-methlpropionitrile) (AIBN), and phenanthrenquinone (PQ) that are mixed in a respective weight ratio of 100:0.5:0.7. PQ-doped PMMA is an attractive material for making holographic Bragg filters, since the material can be formed with minimal shrinkage and refractive index change after processing [4] . In addition, the PQ-PMMA holographic filters provide high spectral and angular Bragg selectivity.
The mixture is poured into a mold similar to that shown in Fig. 1 , consisting of two glass plates separated by a flexible spacer. The mixed solution solidifies after curing at 50°C for 120 h. After the thermal polymerization process is complete, the solid sample is approximately 1.8 mm thick. For our experimental system configuration, the resultant material is cut into 5 cmϫ 5 cm squares and fitted onto a sample holder for holographic exposure.
The holograms are recorded with the setup shown in Fig. 2 by using an argon-ion laser operating at a wavelength of 488 nm. The reference beam is a collimated wave, and the signal beam is a spherical wave originating from a point corresponding to the depth position within the sample. A different z position is recorded for each depth that will be imaged within the sample. The positions of the point source in the signal arm are controlled by moving a microscope objective lens with numerical aperture (NA) of 0.65 along the axial direction. A second microscope objective lens with 0.55 NA remains in a fixed position in the signal arm, forming the point source. A relay system is used in the signal arm to maintain constant irradiance at the hologram plane as the 0.65 NA microscope object is moved. The nominal angle between two arms is ϳ68°and is changed by ⌬ with each exposure to record a hologram with a different reference beam angle and point source location. The angle settings, point source locations, and exposure time settings are automated by using a LabView control system. The hologram exposures are varied to in- crease the efficiency of gratings that select positions deeper within the tissue sample. Figure 3 is a rigorous coupled wave simulation [5] of the angular selectivity for a single grating formed with material parameters similar to our PQ-PMMA samples (thickness ϳ1.8 mm, n ϳ 1.49, absorption coefficient ϳ0.009/ mm). The FWHM of the efficiency versus angle curve is ϳ0.03°and is equal to the measured selectivity of the experimental gratings. This implies that to avoid cross talk between multiplexed gratings, the angular difference ͑⌬͒ between reference beams angles should be greater than 0.03°. In the experiments ⌬ was set at ϳ1°to avoid image overlap during reconstruction.
The dark delay time ͑t dd ͒ between each exposure affects the diffraction efficiency ͑͒ of multiplexed gratings formed in optical polymers [6] . To quantify this effect in PQ-PMMA holograms, five multiplexed gratings were made with two collimated waves (⌬z = 0, and ⌬ = 1°). Five multiplexed gratings were made with dark delay times varied from 10 s to 5 min with constant exposure energy ͑ϳ760 mJ/ cm 2 ͒ per grating and no preexposure energy. Figure 4 shows for the two different values of the dark delay time.
The t dd was 10 s for sample F29A, and 5 min for sample F31. Number 1 indicates the first grating formed in the sequence, and number 5 is the last grating. The results show that with a longer delay time the cumulative grating strength, defined as [7] , is lower. Therefore, the overall efficiency is lower with a longer delay time and the efficiency of the first grating formed in the sequence is enhanced at the expense of gratings formed with later expo- sures. When t dd is shorter ͑10 s͒ the efficiency of the last grating formed in the sequence and the average efficiency for all gratings increases. Preillumination exposure (PIE) also has an important influence on the multiplexed grating efficiency. The PIE provides sufficient energy to reduce the concentration of the inhibitor that initially suppresses the creation of free radicals during the polymerization process [6, 8, 9] . To simplify the measurement of the PIE effect, holograms were made with constant t dd and exposure energy ͑ϳ610 mJ/ cm 2 ͒ and with different value of PIE ranging from 0 to ϳ760 mJ/ cm 2 .
The resulting performance with different values of PIE is shown in Table 1 . Two multiplexed gratings were also made with different values of PIE and constant t dd and exposure energy ͑ϳ610 mJ/ cm 2 ͒. The resultant cumulative grating strengths are shown in Table 2 . The results indicate that a significant increase in the diffraction efficiency of single and multiple gratings formed in PQ-PMMA is possible with PIE values of a few hundred milli joules per square centimeter.
After the exposure energy is adjusted as shown in Table 3 and a preexposure of 360 mJ/ cm 2 with constant t dd = 10 s is added, the efficiencies are significantly improved. The gratings shown in Table 3 and Fig. 5 were formed with a spherical and planar wave with the point source moved by increments of ⌬z =50 m and separation angle between reference waves of ⌬ = 1°. The maximum is 46%, and the minimum is 17%. This indicates that the sample of five multiplexed PQ-PMMA gratings with ϳ1.8 mm thickness has an M-number ͑M / #͒ of 2.81. The normalized M /#, M / # divided by sample thickness, is 1.6 and close to the values reported in [7, 10] , which have normalized M / # of 1.6 and 1.75, respectively. The diffraction efficiency of grating 5 was made higher, since it is used to image at a deeper point within the sample. Figure 6 shows the hologram in the experimental imaging system. Each multiplexed grating acts as a spatial-spectral filter to simultaneously project multiple 2D images onto a CCD camera. Figure 7 shows multiple images simultaneously displayed by using this system. Both images were reconstructed by using a red LED with a peak wavelength of 630 nm and a spectral bandwidth of 30 nm. Figure 7(a) is the image of onion skin reconstructed by a hologram of two multiplexed gratings with diffraction efficiencies of 49.3% and 43.0%, respectively. Figure 7(b) is also an image of an onion reconstructed by using a multiplexed hologram with five superimposed gratings and diffraction efficiencies as shown in the Table 3 . The optical sections are separated by ϳ50 m in depth. The width of each image increases with the spectral width of the source. 
